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The current state in the field of technology of hop drying and conditioning is not ideal. This refers to both operating costs and qualitative features of the final product. In belt dryers prevailing so far, following stationary picking lines, their drying process is directly linked to the continuous process of harvest. In belt dryers hop cones are dried at a drying air temperature of 55-60 o C for 6-8 h coming from original 75-85% of moisture to final 8-10% prior to conditioning. Bracts themselves, however, have moisture content of only 5-6%, while strigs may have a moisture content of up to 30%. Percentage of strig weight to the total cone weight (6-12%) has a great effect on subsequent moisture permeability during the conditioning of hop cones (Kořen et al. 2008) . Controlled conditioning requires roughly up to a 1/3 of the total energy requirements needed for hop growing (Doe, Menary 1979) . Stability of alpha bitter acids, being the key hop substance from the point of view of brewing technology, is sufficient at drying temperatures reaching up to 60°C. However, for some heat-labile substances the drying temperatures between 50 and 60°C in the final stage of drying are too high. They lead to irreversible transformations and losses. Such substances are for instance hop essential oils that are contained in the amount of 0.5-3.5%, depending on hop variety (Hofmann et al. 2013; Kumhála et al. 2013) . The pilot studies showed a decrease of 15 to 25% of the overall content of essential oils present in the hops prior to drying at the current drying conditions (Kieninger, Forster 1973; Kirchmeier at al. 2005) . Besides this amount, the sensory profile changes too, due to a loss of the more volatile components. With special aroma hop varieties, so called "flavour hops", whose doi: 10.17221/35/2017-RAE content and composition of essential oils are the key parameters, such losses lead to a reduction in the product quality.
One of the current tasks is a complex innovation of the drying process in the existing belt dryers. The expected economic benefit should be energy and heating medium savings, resulting from reduction of drying time, increase in the facility capacity as well as reduction of the harvest time (Rybáček et al. 1980; Srivastava 2006; Kumhála et al. 2016) . The research objective is to provide hop-processing companies with, inter alia, a drying process that had undergone a complex innovation with an emphasis on improving the efficiency of drying and on innovation in conditioning (Podsedník 2001; Hanousek et al. 2008) . Related to that is a design and implementation of belt dryers' alterations, including automation of the operations and continuous stability measurement and drying process control. The study objective is therefore also an analysis of the current state of hop drying, conditioning and stabilisation, which precedes the innovation in the entire hop drying process.
MATERIAL AND METHODS
In the hop grower Agrospol Velká Bystřice Co., Ltd. a common belt hop dryer PCHB 750 was chosen in which the temperature and air-conditioning parameters of the drying medium as well as qualitative parameters of dried hops (temperature, moisture, Hop Storage Index (HIS), alpha and beta bitter acids, drying time) were measured. The measured data were subsequently assessed.
The monitored parameters were identified in three different ways: -by measurement using inserted data loggers, -by measurement using fixed sensors installed in the dryers, -by means of a laboratory analysis of the samples. Each of these methods had different conditions for measuring and different measurement accuracy. Apart from monitoring the dryers, another objective was to assess the used methods of measurement and to compare them.
Measurement by means of data loggers. For continuous measurement of the air temperature and relative humidity in a layer of hops being dried Voltcraft DL-121-TH data loggers in the hop grower Agrospol Velká Bystřice Co., Ltd. were used (Fig. 1 ) which enabled to programme the frequency of data storage (Jech et al. 2011 ).
In our case, the frequency of data storage was set to 5 minutes. The internal memory of a data logger is able to store 32,000 measured data, which is absolutely sufficient. A data logger is integrated together with a sensor in a plastic case and its power is supplied by an inserted battery. The plastic case is fitted with a USB connector at one end via which the stored data are imported into computer.
To protect the data loggers against mechanical damage while carried throughout the dryer as well as against dirt, they were fixed the rigidly in polyurethane foam and inserted between two stainless sieves, half-spherical in form. This was the best guarantee of protection and at the same time the sieves did not impede the air permeability, and hence no measurement error occurred (Fig. 2) . The advantage of the data loggers compared to the rigidly fixed sensors in the dryer was that the they were carried together with hops through the dryer, continuously sensing the entire drying process.
They were put into the dryer through the first check window, usually two or three pieces, evenly distributed over the entire width of the belt. They were removed after passing through the dryer and conditioning. Together with the data loggers, a battery-powered LED light was placed into the dryer, which moved together with the hop layer and signalled the moment a data logger reached the position of the check window. Monitoring this light the average belt speed between the check windows was calculated. At the moment when the light reached a check window axis, samples were taken for laboratory testing. This guaranteed that all data from the fixed sensors, data loggers and laboratory samples were read at the same time.
Measurement by means of sensors installed on the dryer wall. On the dryer wall the assembly of Comet T3419 in the hop grower Agrospol Velká Bystřice Co., Ltd. (Fig. 3 ) temperature and relative humidity sensors was completed. There were always 8 sensors in a row connected to a Comet MS6D multichannel data logger in the hop grower Agrospol Velká Bystřice Co., Ltd. (Fig. 4) . On the dryer, 11 sensors and two multi-channel data loggers had to be installed. All data from the multi-channel data loggers were automatically stored in computer on its hard disc (Fig. 5) .
Comet T3419 sensors were installed nearby check windows (Fig. 6 ). The frequency of reading the values was, similar to the data loggers, set to 5 minutes.
The measured values could be read immediately on the connected two-line display, which at the same time showed the actual air temperature (°C) and relative humidity (%). Together with the data reflecting temperature and relative humidity, the exact time of measurement was also stored by means of which the data collected from all the different ways of measuring could be matched up.
Laboratory analyses of the samples. The laboratory analyses monitored the moisture content of all hop samples that was subsequently compared with the drying medium relative humidity measured by means of data loggers and fixed sensors in the dryer. At the same time, the values of HSI, content of alpha and beta bitter acids and DMX in hop cones were determined (Claus et al. 1978; Green, Osborne 1993; Weihrauch at al. 2010) .
Determination of the hop moisture content. The hop moisture content was determined gravimetrically as a weight loss of a defined amount of water during drying at a temperature of 105°C for 60 min. The measurement was carried out in a hot-air laboratory chamber dryer with forced air circulation. The resulting moisture content is expressed as a weight percentage. Dried hops generally contain 10 ± 2.0% of water (Henderson, Miller 1972; Henderson 1973) .
Determination of HSI of hop cones. Hop Storage Index is a dimensionless parameter that characterizes hop aging rate during storage and during processing after harvest. Its numeric value is calculated as the absorbance ratio of toluene extract of hops under alkaline methanol conditions at wavelengths of 275 and 325 nm. In green hops the value Determination of the content of alpha and beta bitter acids and DMX in hop cones. Alpha bitter acids are determined by liquid chromatography following the EBC 7.7. alpha test method. Hop resins extracted into the ether phase are split in chromatographic HPLC column with reverse phase in the mobile phase of the defined composition (methanol-water-phosphoric acid). Analytes are detected at a wavelength of 314 nm. Simultaneously, it is also possible to determine the content of xanthohumol prenylflavonoids and desmethylxanthohumol (DMX) if the analytical signal is detected at (Ono et al. 1984; Krofta 2008) .
RESULTS AND DISCUSSION
In-process measurements presented in Table 1 were carried out in operation of Agrospol Velká Bystřice Co., Ltd. Due to a large harvest in 2016, hops had to be dried in thicker layers and therefore for a longer time than usual. Instead of the regular 8 h including conditioning, the drying time stretched to 12 h including conditioning where hops stay for about 1 hour. The speeds of individual belts in the belt dryer are shown in Fig. 7 . Fig. 8 depicts the course of values measured by two data loggers. As the graph shows, the courses are practically identical with both data loggers, meaning that the drying process is even over the whole width of the belt. In the subsequent processing of the measured values, the average value was determined on the basis of the values recorded by the data loggers, and the result was compared with the measurement using fixed sensors as well as with the results of laboratory analyses of hop moisture (Table 2 , Fig. 9 ). The samples for laboratory analyses were taken from individual windows in the belt dryer and at the end of conditioning.
Measurement No. 1
Apart from the hop cone moisture, values of HSI, alpha and beta bitter acids were obtained from the laboratory analysis (Fig. 10) . The measurement procedure as well as processing of the results was similar to the measurement N° 1. This measurement referred to the same variety and its objective was to assess repeatedly the variability of courses of the individual parameters during the process of drying in belt dryer (Table 3, Figs 11-13) . Fig. 11 illustrates the courses of the measured values from three data loggers which were located in the belt dryer approx. 1 m from both edges and in the middle of the belt. Like Fig. 8 , the graph in Fig. 11 clearly shows that the courses are almost identical with all three inserted data loggers, which means that the drying process is even over the whole width of the belt and further analysis may draw on their average values. Table 3 and Fig. 12 show a comparison with the measurement using fixed sensors and with the results of hop moisture laboratory analyses. The graph in Fig. 13 also shows courses of values of HSI, alpha and beta bitter acids. 
CONCLUSION
Uniformity in drying over the whole width of the drying belt. The graphs in Figs 8 and 11 depict the course of measured values from two or possibly three data loggers evenly distributed over the whole width of the drying belt. Both graphs clearly show that the course of the drying air temperature and relative humidity is practically identical, which means that the drying process is uniform over the whole width of the belt. This uniformity in drying over the belt width can be confirmed also with the first belt In Figs 9 and 12, concentrated in one graphical representation there is a course characterizing changes in the drying medium parameters together with attached dependence of hop moisture on the measurement time. The air temperature and relative humidity during the process of drying are represented by average values from the data loggers and values from the fixed sensors. As can be seen from the graphs, the courses from both sources approximate closely and also that with drying time the air temperature logically increases and its relative humidity decreases. At the moment when hops fall over from the first to the second belt and from the second to the third belt, both values abruptly change compared to their overall course. A probable cause is a disruption of matted hop layer including their surface crust when falling over onto another drying belt thereby the monitored parameters transiently change.
Hop moisture, determined from laboratory samples, logically decreases depending on the measurement time. A considerable drying productivity is shown on the first and second belt. The required hop moisture content of approx. 10% is reached practically in all cases at the level of the third window of the second belt. On the third belt the hops are excessively dried, a fact that is justified by the grower as a certain insurance against poor-quality drying, and prevention against occurrence of nests of moist hops that irregularly occur when drying hops with high initial moisture. This implies higher energy consumption, hops are disintegrated due to over-drying, and subsequent conditioning might not bring them back into the shape of closed cones. It makes any further manipulation with hops difficult and leads to greater losses of lupulin. Related to a view of the technological drying process without classic conditioning and installation of resting chambers, adjustment of drying parameters is possible, heading towards possible acceleration of belt motion or towards a change in the height of the hop layer that is being dried in such a way so that the required hop moisture content (approx. 10%) was achieved only towards the end of the third belt.
The graphs in Figs 10 and 13 show the results of the laboratory analyses of hop moisture, HSI, alpha and beta bitter acids during the process of drying. An increase of the HSI values should be minimal during drying and, conversely, the values of alpha and beta bitter acids should decrease minimally. On the basis of an overall assessment it can be concluded that the process of drying in the given belt dryer has a minimal effect on the course of the given values.
